Objective-To measure neurodevelopment at 3 years in children with single right ventricle anomalies and to assess its relationship to Norwood shunt type, neurodevelopment at 14 months, and patient and medical factors.
congenital heart disease; hypoplastic left heart syndrome; Single Ventricle Reconstruction Trial Despite improvements in survival, children with hypoplastic left heart syndrome (HLHS) and related single ventricle abnormalities treated with staged palliation have a high prevalence of developmental and behavioral abnormalities. [1] [2] [3] Based on studies of children who have undergone neonatal cardiac surgery, potential risk factors for adverse outcome in these children include underlying genetic conditions, 4,5 low birth weight, 4,5 premature gestational age, 5, 6, 7 prolonged hospital course, 5, 8 intraoperative perfusion approaches, 9 and lower socioeconomic status. 5, 10 Most findings on neurodevelopment in this high-risk group of children have derived from either single-center or cross-sectional studies. To date, the relationship between early developmental assessments and measures of development for pre-school age children with single ventricle anomalies has been only preliminarily explored. 11 The Single Ventricle Reconstruction Trial Extension Study (SVR-II) was designed to prospectively follow children with HLHS and other forms of single right ventricle malformation who were enrolled as neonates in the Single Ventricle Reconstruction (SVR) trial, a randomized trial comparing the Blalock-Taussig shunt (MBTS) to the right ventricleto-pulmonary artery shunt (RVPAS) at the time of the Norwood procedure. 12, 13 Evaluation with the Bayley Scales of Infant Development-2 nd edition (BSID-II) at 14 months showed no difference between shunt groups. 5 The SVR-II study continues contact with the SVR cohort and includes developmental assessment at annual intervals. The aims of the current analyses were to measure development, behavior, functional status, and quality of life (QOL) at three years of age in children with HLHS and related single ventricle anomalies, and to determine whether shunt type at the time of the Norwood procedure was related to these outcomes. We also sought to assess the predictive value of developmental testing with the BSID-II at age 14 months to identify developmental delays at three years of age. Finally, we aimed to identify the demographic, surgical, and perioperative factors that were associated with three-year neurodevelopmental status.
Methods
The SVR trial design and results of neurodevelopmental evaluation at age 14 months have been previously published. 5, 12, 13 In brief, patients were eligible for the SVR trial if they had HLHS or another related single right ventricle abnormality and a Norwood procedure was planned. Exclusion criteria included cardiac anatomy that prohibited either the MBTS or the RVPAS or a major extra-cardiac abnormality that could independently affect the likelihood of transplant-free survival. Subjects were randomized to the Norwood operation with either a MBTS or RVPAS. Prospective observation through 14 months of age was included in the SVR trial. At all SVR participating centers, usual surgical management for children in this cohort included three stages: the Norwood operation in the first 1-2 weeks of life; a stage II operation typically by 6 months of age to take down the shunt and direct blood from the superior vena cava to the branch pulmonary arteries; and the Fontan operation usually by 4 years of age to direct systemic venous return from both venae cavae to the branch pulmonary arteries.
All SVR trial survivors without cardiac transplantation were invited to participate in the SVR-II study, a prospective longitudinal study aimed at observing medical and developmental outcomes. Parents or guardians completed annual questionnaires on development, behavior, QOL, and functional status. Research coordinators reviewed the medical record and contacted parents/guardians to obtain interim medical history annually and following the Fontan operation. Data related to growth, feeding modality, participation in developmental therapies, surgical and catheterization interventions, and the incidence of major complications were collected. Sociodemographic factors included race, ethnicity, percentage below the poverty level living within the participants' census block at birth per the US Census, 2000 14, 15 and a multifactorial US Census 2000 based score derived from six measures and validated by Diez-Roux. 16 Demographic and medical factors related to the perioperative Norwood and Stage II course, were included as candidate predictors. Cumulative exposure to complications, serious adverse events (SAEs), post-operative hospital days, surgical and catheterization procedures, and intraoperative perfusion times were calculated. As not every patient had undergone the Fontan by three years, Fontan factors such as complications and intraoperative perfusion times were included only as part of these cumulative variables. A complete list of candidate predictors is included in Table I (available at www.jpeds.com).
38 months, 30 days of age. 17 Five domains are assessed with the ASQ: a) communication, b) gross motor, c) fine motor, d) problem solving, and e) personal-social. The 36-month ASQ instrument is composed of 30 items written at the 4th-6th grade level with illustrations to facilitate parent understanding. Each item is scored depending upon whether the child performs the item consistently (10 points), sometimes (5 points) or not yet (0 points). Scores for each area are then summed. Domain scores were analyzed as continuous variables based on the normative means and standard deviations defined for each area. In addition, based on the published means and standard deviations, thresholds have been established for each tested area to define a child's score as below the normal range (>2 SD below the normal mean) 17 and representing delay.
Behavior was measured with the Parent Report Behavior Assessment System for Children-2 nd Edition (BASC-2) 18 , designed to measure adaptive and problem behaviors present in the home and at school. It includes 14 subscales which compose four composite scores: Externalizing Problems, Internalizing Problems, Behavioral Symptoms Index, and Adaptive Skills. Scoring of the BASC-2 was completed at the Data Coordinating Center. Each of the composite scores is calculated based on the population mean of 50 points and a standard deviation of 10 points, using the combined-sex norms scores. 18 In addition, for the adaptive scales, scores are considered at risk or clinically significant if they were between 31-40 or less than 31 respectively. For scales measuring behavioral problems, scores are considered at risk or clinically significant if 60-69 or greater than 69 respectively. 18 The Pediatric Quality of Life Inventory (PedsQL) for 2-4 year olds was employed to measure health-related QOL in study subjects. This parent-report instrument is designed to assess QOL in both healthy and acutely or chronically ill children. 19 The PedsQL system addresses physical, emotional, social, and school functioning. In addition, the cardiac disease-specific module was used to assess issues of QOL specific to children with cardiac disease. 20 For each of these modules, scores are reported as a percent and higher scores represent better health-related quality of life.
Functional health status was assessed with the Functional Status II(R) (FSII-R) 21 , which is a parent-report questionnaire designed to assess functional health status in children with chronic health conditions. This instrument provides a total score based on common elements across all ages, in addition to age-specific domain scores. Higher scores represent evidence of better functional status.
The protocol was approved by each center's institutional review board, and written informed consent was obtained from a parent or guardian.
Statistical Analyses
Descriptive statistics presented include median with interquartile range for skewed variables, mean ± standard deviation (SD) for other continuous variables, and frequency with percentage for categorical variables.
The mean domain scores for the SVR-II patients for the 3-year ASQ, PedsQL, FSII-R, and BASC-2 T scores were compared with those of normal children using a one-sample t-test.
The Wilcoxon rank sum test was used to compare all measures of 3-year neurodevelopmental and functional status outcomes by randomly-assigned shunt type.
Based on a nonparametric (LOESS, locally weight scatterplot smoothing) fit demonstrating nonlinear association, we constructed piecewise linear regression models to most accurately estimate the association between 3-year ASQ domain scores and 14-month BSID-II summary scores. We also examined the outcome of delayed ASQ domain, defined as a score >2 SD below the normal mean. Simple logistic regression analyses were performed to identify associations between a delayed ASQ score and clinical factors. All clinical factors with a univariate p-value of less than 0.15 were entered simultaneously into a stepwise selection. Final multivariable logistic regression models include all predictors with P values <0.05. The p-values reported are unadjusted for comparison of the two shunt groups with respect to multiple outcomes. All analyses were conducted using SAS version 9.2 (Statistical Analysis System, Cary, NC) and R 2.13.0 version.
Results
Among the 325 subjects enrolled in the SVR-II study, four died prior to three-year followup, 12 underwent heart transplantation, and 32 subjects consented after the close of their 3-year window (Figure 1 ; available at www.jpeds.com). Of the remaining 277 subjects, 203 (73%) completed the ASQ, the primary outcome instrument, within the study window. The group that completed the ASQ did not differ significantly from those eligible who did not complete the instrument with respect to race, measures of socioeconomic status, genetic syndrome, birth weight, gestational age, or participation in neurodevelopmental therapies. The proportion with a genetic syndrome or other anomalies was lower among those who completed at least one instrument compared with non-participants (29% vs 22%; p=0.03) (Table II ; available at www.jpeds.com). Among the secondary outcomes, the BASC-2 was completed by 232 (84%), the PedsQL by 231 (83%) and the FSII-R by 231 (83%) participants within the required windows ( Figure 1 ).
ASQ scores and the Relationship to BSID-II
Mean scores for each ASQ domain were lower than those of the normative population (Table III) . The percentage of subjects with delayed scores (>2 SD below the mean) was 20% for the Communication Scale, 30% for the Gross Motor Scale, 35% for the Fine Motor Scale, 24% for the Problem Solving Scale and 17% for the Personal-Social Scale. Delay was detected in at least one area for 51% of the cohort. Scores on each ASQ scale did not differ by shunt type (Table IV ; available at www.jpeds.com).
We next analyzed the relationship of the BSID-II administered at 14 months to pre-school age development as measured by the ASQ scales at 3 years. Of the 203 subjects who had a completed ASQ within the window, 188 had a mental development index (MDI) and psychomotor development index (PDI) calculated as part of the 14-month BSID-II. Both the mean PDI and MDI scores of 76±19 and 90±17, respectively, were significantly lower than the population means of 100±15 (p<0.001). Participants with a PDI score <70 at age 14 months were more likely to have abnormally low ASQ domain scores (odds ratios [ORs] 3.4-6.9 depending on domain). Similarly, when MDI scores were <70, ASQ domain scores were more likely to be abnormally low (ORs 8.8-21.0 depending on domain). However, the relationship of the 14-month BSID-II to 3-year ASQ scores was not linear. Locally-weighted scatterplot smoothing curves (LOESS) were used to estimate the relationship of BSID-II scales to the ASQ domains (Figure 2 ; available at www.jpeds.com). An increase of one point in the PDI score up to a PDI of 70 was associated with an increase of 1.2-1.4 points in each ASQ domain. Above a PDI score of 70, an increase in the PDI score was not associated with the ASQ domain score (Figure 2, A) . Similarly, among lower MDI scores, a one-unit change in MDI was associated with a 0.7-0.9 increase in ASQ Domain score up to an MDI of approximately 85. Beyond an MDI score of 85, higher MDI scores were not correlated with higher ASQ domain scores (Figure 2, B) .
Predictors of ASQ Domains
Univariate predictors of a delayed score in each ASQ domain are summarized in Table I . More complications and serious adverse events, and longer post-operative hospital length of stay, were associated with delayed scores on each of the five ASQ domains. The presence of either vision or hearing problems within the first two years was reported for 13% of participants and these were also associated with delayed scores for each ASQ domain. Compared with other subjects, those with vision or hearing problems were more likely to have a genetic syndrome or extracardiac anomaly (44% vs. 17%, p=0.009) and birth weight below 2500 grams (24% vs. 10%, p=0.047).
Multivariable models were constructed to identify the independent risk factors for low scores (>2 SD below the normal mean) in each of the 5 domains of the ASQ ( Table V) . Factors that were independent predictors of more than one abnormal ASQ domain included living in a census block with a greater percentage below the federal poverty level (Problem Solving, Personal Social); the presence of vision or hearing problems (Communication, Problem Solving, and Personal Social); male sex (Gross Motor and Fine Motor), the need for feeding therapy at 2 years (Gross Motor and Fine Motor); and more total serious adverse events and complications between the Norwood procedure and 3-year neurodevelopmental assessment (Gross Motor and Personal Social). The percentage of variance explained by the final models for each ASQ domain ranged from 18 to 27%. Of note, neither shunt type nor perfusion approach at the time of the Norwood was significantly associated with increased odds of an abnormal ASQ score in any domain in univariate or multivariable analysis.
Behavior, Quality of Life, and Functional Status by Shunt Type
The primary measure of behavior was the BASC-2. Depending on the scale, 7.8-21.9% of children in the SVR-II cohort were reported to have behaviors in the at-risk or clinically abnormal range, with scores specifically in the clinically abnormal range 0.4-7.4 % of the time. There were no differences in the percent at risk or clinically abnormal between shunt groups. Compared with normative values, the SVR-II participants were described as having behaviors, on average, more consistent with somatization, and to have lower scores for the Activity of Daily Living domain. The observed differences in these areas are small and may not be clinically meaningful though scores in the lower range could portend the need for greater future societal resources. Mean scores were within the normal range for the other behavior areas. (Table III) , Health-related QOL was measured with both the Generic and Cardiac Modules of the PedsQL; compared with healthy norms, children in the SVR-II cohort had a lower mean score in each of the PedsQL Generic domains. Functional status, measured by the FSII-R, demonstrated lower total scores (p<0.001) and activity scores (p<0.001) at three years compared with the general population. Shunt group was not significantly associated with any of the measured behavior, QOL, or functional status outcomes (Table III) .
Discussion
We previously demonstrated that PDI and MDI scores on the BSID-II were lower at 14 months in children with HLHS and other forms of single right ventricle enrolled in the SVR trial. 5 The predictive factors for developmental delay at 14 months were not related to shunt type, but rather to innate patient factors (e.g., birth weight, the presence of a genetic syndrome) and to measures of medical morbidity (e.g., longer duration of Norwood hospitalization, more complications after the Norwood discharge). 5 In the current follow-up study of the SVR cohort to 3 years, development as measured by the ASQ, PedsQL, and parent-reported functional status was lower than that of the general population. The type of shunt at the Norwood operation did not influence developmental, behavioral, functional status, or QOL outcomes. In contrast, Atallah et al did find a difference in PDI at 2 years between those treated with an RVPAS (mean PDI=78) and those with a MBTS (mean PDI=67). 22 This finding however was based on an observational cohort, with the shunt type changing by era, so that secular changes in other practices may have confounded this study finding.
Furthermore, we found that in these high-risk cardiac infants, developmental assessment at 14 months was significantly but modestly predictive of developmental domains on the ASQ, consistent with findings in premature infants. 23 Scores on the ASQ varied nonlinearly with earlier BSID-II scores, with increasing ASQ scores up to PDI <70 and MDI <85, and a plateau effect beyond these thresholds. Moreover, only 25-30% of the variation in the 3-year ASQ domains was predicted by either the 14-month PDI or MDI. Our analyses suggest that even when 14-month BSID-II scores are within the normal range, children with single ventricle malformations may be at risk for developmental impairment at pre-school age and beyond.
The predictive validity of 14-month BSID-II scores for 3-year developmental and behavioral questionnaires may be limited for several reasons. The ASQ is a screening test, designed to detect those who may require further testing and possible services, whereas the BSID-II measures the full range of ability for infants and toddlers. Furthermore, children with single ventricle malformations are exposed to new events between the 14-month and 3-year assessments, including cardiac operations, cardiac catheterizations and complications. Even when the BSID-II and ASQ have been administered simultaneously in other high-risk patient groups, the correlation between these measures has been limited. Woodward et al found that, among extremely low birth weight infants to whom the BSID-II and the ASQ were concomitantly administered at 18-22 months of age, a delayed score on any ASQ domain had a sensitivity of 73%, a specificity of 65%, a positive predictive value of 52%, and a negative predictive value of 82% for scoring more than 2 SD below the normal mean on either the MDI or PDI. 24 Creighton et al did observe a strong correlation (r=.92, p<.001) between the BSID-II at age 2 years and the full scale IQ at 5 years among 14 children who had undergone the Norwood procedure. 11 The Creighton study was different from our analysis in that the initial testing was performed at 2 years rather than 14 months, and later testing was at age 5 years with a Wechsler IQ test rather than at 3 years with the ASQ.
Our multi-center design, together with the comprehensive prospective measurement of medical and socio-demographic variables, provided a unique opportunity to identify factors associated with developmental impairment in children with single ventricle lesions. Risk factors for adverse developmental outcome included a more complex medical course, growth impairment, feeding problems, and vision and hearing problems. Although the diagnosis of a genetic syndrome was not an independent predictor of low ASQ domain scores, it was correlated with vision and hearing difficulties, in turn an independent predictor of three ASQ domains (Communication, Problem Solving and Personal Social). Perfusion approach and other aspects of intraoperative management were not associated with 3-year developmental outcome. Whereas some investigators have suggested that regional perfusion may protect the brain from insult during circulatory arrest, our data do not support this hypothesis and are consistent with other studies specifically addressing this topic in children with HLHS. [25] [26] [27] [28] [29] For all ASQ domains, a relatively small percentage of the variance was explained by the multivariable models.
The SVR-II cohort is a large group of children with HLHS and related single right ventricle malformations studied prospectively for neurodevelopmental impairment. Despite this, not all children eligible for participation completed the developmental and behavioral questionnaires at three years. Some children died or underwent cardiac transplantation between study screening and 3-year questionnaire completion. Children who did not complete the developmental questionnaires had a higher rate of genetic and other nonsyndromic abnormalities, potentially causing our outcomes to be somewhat more favorable than those among all single ventricle patients undergoing staged palliation. Eligible subjects who did and did not complete assessments were otherwise similar in measured patient and medical characteristics. The SVR-II study relies in large part on parent report of medical events in the outpatient setting. For SES measures utilizing census block data, information from Census 2000 was used as Census 2010 data were not yet available at the end of the trial in 2009 when the SES measure was calculated for all trial participants. Our association of early measures of development with the 3-year ASQ is based on the 14-month evaluation with the BSID-II, which since has been superseded by the BSID-III. Finally, many medical variables are highly collinear, therefore some pairs of variables significant in univariate analysis may have nearly equal importance as independent predictors despite only one or the other remaining in the model.
Children with HLHS and other single right ventricle anomalies have impairment in multiple developmental domains at three years of age. Significant predictors of adverse neurodevelopmental outcome include measures of medical complexity and impaired feeding and growth. Lower ASQ scores at 3 years were associated with worse 14-month BSID-II scores when the PDI was >2 SD and the MDI >1 SD below the population means. However, only approximately 25% of the variation in the ASQ scores was explained by any of the multivariable models. Consistent with the recently published American Heart Association Scientific Statement on neurodevelopmental outcomes in children with congenital heart disease, 30 we recommend that all children with HLHS and related single ventricle malformations be followed longitudinally to improve recognition of delays and potential for intervention.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. 
